We report different experimental results showing the large potential of Ge/SiGe quantum well structures as a promising solution forlow power consumption and large bandwidth optical modulators in silicon photonics technology. First, high speed operation of such a Ge/SiGe multiple quantum well (MQW) electro-absorption modulator is reported, with 23 GHz bandwidth demonstrated from a 3 µm wide and 90 µm long Ge/SiGe MQW waveguide. Then the flexibility to shift the absorption band edge from 1.42 to 1.3 µm is illustrated by strain engineering of the Ge wells. Finally electrorefraction by Quantum Confined Stark Effect (QCSE) is demonstrated, opening the route towards phase modulators based on Ge/SiGe MQWs.
INTRODUCTION
Silicon photonics is about to revolutionize the field of integrated optoelectronics. The recent demonstrations of optical modulators and photodetectors operating at 40 Gbit/s were inconceivable only a few years ago [1] . The performances are such that new applications are being considered, such as communication between microprocessors cores and between servers in data centers. For many of these applications, the drastic reduction of the electrical power required to drive the modulator, to values typically less than 100 fJ/bit, is mandatory, together with a large optoelectrical bandwith, low optical losses and high modulation ratio [2] . In the solutions being developed, wide optical bandwith (no resonator) silicon optical modulators using carrier depletion require the use of an active region several millimeters long, resulting in significant power consumption in the order of 10 pJ / bit [3] [4] . The realization of low power consumption optoelectronic devices is only possible by using innovative breaking concepts. In this context Ge/SiGe multiple quantum wells (MQW) structures appear as a promising solution to achieve low power consumption and large bandwidth optical modulators in silicon photonics technology [5] [6] . In the following recent results on optical electroabsorption modulators based on Ge/SiGe MQW will be reported, including the first development of high speed, low energy electro-absorption modulator, as well as the possibility to use strain engineering to shift the absorption band-edge. Phase modulation by quantumconfined Stark effect (QCSE) has also been investigated and successfully demonstrated in these structures and will be reported hereafter. forming a fully relaxed virtual substrate (VS). A 500 nm boron-doped (~1×10 18 cm -3 ) Si 1-x Ge x layer is grown to serve as a p-type contact, and followed by a 50 nm Si 1-x Ge x spacer. The MQW structure is then grown, followed by a 50 nm Si 1- x Ge x cap layer and a 100 nm phosphorus-doped (~1×10  18 cm   -3 ) Si 1-x Ge x n-type contact.
Device configuration
Different devices have been fabricated for the different experimental results reported in next sections. 3 µm wide 90 µm long Ge/SiGe MQW p-i-n diode were fabricated in order to investigate the modulation performance of Ge QWs in waveguide configuration (see section 3). The mesa was patterned by ultraviolet (UV) lithography and dry etching. A passivation stack of SiO 2 /Si 3 N 4 was deposited by plasma enhanced chemical vapor deposition (PECVD). The bottom and top contacts were defined by UV lithography, reactive ion etching, and wet etching of the passivation layer. An Al layer was evaporated and lifted-off for both top and bottom contacts. The schematic view of the fabricated device is shown in Fig. 1a .
Simpler larger diodes were also fabricated (see Fig 1b) by the same fabrication techniques (UV lithography, dry etching, and metal contacts evaporation). These diodes allow both surface and side entry illuminations. Photocurrent measurement with surface illumination is used to evaluate material properties of different active regions. It is used as example to demonstrate strain engineering to achieve QCSE at 1.3 µm (see section 4). Side entry illumination is used to measure the electro-refraction induced by QCSE in 64 µm long, 100µm wide planar waveguide. The shift of Fabry Perot fringes coming from the cavity formed between the facets were then used to characterize refractive index variations (see section 5). 
QUANTUM WELL ELECTRO-ABSORPTION MODULATOR
For the high speed modulator demonstration, the MQW structure consisted of twenty 10 nm thick Ge quantum wells (QWs) sandwiched between 15 nm Si 0.15 Ge 0.85 barriers. The average Ge concentration in the Ge/SiGe MQWs stack was then 90%, and the same Ge fraction in the VS x=0.9 was used.
The absorption spectra of the waveguide at different reverse bias voltages are reported in Fig. 2 . The wavelength separation of around 3 nm between each transmission peaks is consistent with the Fabry-Perot resonance between the input and the output facets of the waveguide. The absorption edge is shifted from the 0.8 eV of bulk Ge due to both the confinement effect in the QWs and strain between the Ge QWs and the VS. By increasing the reverse bias voltages, red shift of the absorption spectra, which is a characteristic of the QCSE, is observed. An extinction ratio (ER) larger than 6 dB is obtained for 20 nm range between 1425 and 1446 nm. A detailed discussion can be found in Ref 8. The frequency response of the modulator was evaluated at 1448 nm, where the signal level is larger. Optical light was butt-coupled into the waveguide, and an ac signal generated by an opto-RF vector network analyzer (Agilent 86030A) coupled with a dc bias Tee was used to drive the modulator using coplanar electrodes. The modulated optical signal was coupled back to the opto-RF vector network analyzer by objective lenses. The normalized optical response at the dc 
STRAIN ENGINEERING FOR 1.3 µM OPERATION
In the demonstration reported above, high speed modulation is achieved at 1.42 µm. For on-chip communications any wavelength can be used, however for fiber telecommunications applications, the use of classical telecommunications wavelength can be beneficial. Shifting the band-edge wavelength of Ge/SiGe heterostructure to 1.31 µm is then of a great interest. In a general way, due to the large lattice mismatch between Ge and Si, the growth of Ge/SiGe QWs used a strain-balanced structure on a Si 1-x Ge x VS, meaning that the average Ge concentration in the MQW is equal to the Ge fraction x in the VS. As a consequence Ge wells (SiGe barriers) are compressively (tensely) strained due to the lattice mismatch with the Si 1-x Ge x VS. This strain directly influences the absorption band-edge energy and then the operating wavelength of the modulator. To reduce this operating wavelength (from 1.42 to 1.31 µm), the compressive strain of Ge wells has to increase [9] , which is possible by reducing the Ge fraction of the VS (x) and of the SiGe barriers in order to keep a strain compensated structure.
To verify this strain engineering for 1.3 µm operation, a MQW structure consisting of 20 periods of 8 nm thick Ge QWs and 12 nm thick Si 0.35 Ge 0.65 barriers was used. The MQW structure is grown on a relaxed Si 0.21 Ge 0.79 VS buffer, on top of an 11 µm thick graded buffer deposited on Si. Surface illuminated diodes as schematically shown in Fig 1 b were fabricated. Photocurrent measurements were performed at room temperature shining the randomly polarized beam emitted by a tunable laser perpendicular to the QW plane. The spectrum was recorded from 1.25 µm to 1.35 µm with a 1 nm resolution, and the power of the laser was 0.5 mW. A chopper and a lock-in amplifier were used to modulate the light intensity at 0.5 kHz and measure the photocurrent. The experimental photocurrent spectra were used to calculate the fraction of light absorbed per well ( ), reported in Fig. 3 . A clear exciton peak is visible in the spectra at 1.277 µm (0.972 eV) in good agreement with the HH1 -c1 transition energy obtained by means of an eight-band kp calculation. The half width at half maximum of the excitonic peak at -1 V of only 12 meV allowed for a discussion on physical mechanisms limiting the performances of such devices [10] . When the electric field is increased, the two main characteristics of QCSE are observed. The HH1-c1 excitonic absorption peak gradually disappears and the absorption edge is shifted towards larger wavelengths. Energy shift of the absorption band edge with increasing electrical field is reported in the inset of Fig. 3 . A good agreement with a quadratic shift, predicted by perturbation theory is achieved. From those two effects, absorption per well at 1.3 µm goes from 1.5×10 -3 to 3.5×10 -3 when the bias varies from 1V ). Strain engineering was then successfully used to achieve a strong QCSE in Ge/SiGe QW structure at 1.3 µm. 
ELECTRO-REFRACTION BY QUANTUM CONFINED STARK EFFECT
QCSE causes strong variations in the absorption spectrum of MQW structure, which is responsible to refractive index variations as stated by Kramers-Kronig relations. In III-V materials on silicon, this effect has been used, together with electro-refraction by free carrier concentration to achieve high performance Mach Zehnder modulators [11] . In order to develop an entire Ge/SiGe optoelectronic platform, phase modulation by QCSE can be attractive for the realization of electro-optic devices.
Experimental measurements have been done, to characterize the refractive index change induced by QCSE in Ge/Si 0.15 Ge 0.85 MQW on Si 0.1 Ge 0.9 buffer. The structure is made of 20 periods of 10 nm thick Ge QWs and 15 nm thick Si 0.15 Ge 0.85 barriers. Electrorefraction result is reported hereafter while details on the experimental method and discussion can be found in Ref 12. Light from a tunable laser was butt coupled in a64 µm-long, 100 µm-wide planar waveguide using a taper-lensed fiber, which was positioned to inject light in the waveguide region not covered by the top metal contact to reduce optical losses (see fig1b). An objective was used to couple the output light into a photodetector. The absorption spectra of the device at different reverse bias voltages obtained from optical transmission measurements are reported in Fig.4 for light with TE polarization.
Without bias voltage, a clear exciton peak at room temperature is observed around 0.888 eV, which is related to the transitions between the first valence band heavy hole level and the first electronic level in the conduction band at the Г point (HH1-cГ1). By increasing the reverse bias voltages, two main characteristics of the QCSE are observed: the Stark (red) shift of the absorption spectra and the reduction of the exciton related absorption peak due to the reduction of the overlap between the electron and hole wavefunctions. Fabry-Perot (FP) fringes coming from a cavity formed between the facets of the waveguide are clearly observed at the energy below HH1-cΓ1 transition. FP fringes experience a spectral shift when a voltage is applied to the device. As an example In Fig. 4b clear shift of the FP fringes at wavelengths comprised between 1480 nm-1490 nm is observed for an applied voltage of 8V. The measurement of such a shift allows the determination of the refractive index variations in this wavelength region. The effective index variation ∆n eff obtained from these measurements is reported in Fig. 5 . A refractive index variation of 1.310 -3 was measured at 1475 nm, 50 meV below the excitonic resonance. To evaluate the viability of this device as a phase shifter, the V π L π figure of merit (the product between the device length and applied bias required to achieve a  phase shift) can be 
CONCLUSION
In conclusion optical modulation in Ge/SiGe MQW on silicon by QCSE has been investigated. Electroabsorption modulator in waveguide configuration has shown large extinction ratio (> 6dB) in more than 20 nm spectral range, together with high speed operation of more than 20 GHz. Strain engineering has been used to demonstrate the possibility to shift the band-edge to obtain optical modulation at 1.3 µm wavelength. Finally electro-refraction associated to QCSE has been characterized, showing the possibility to achieve phase shifters based on these structures.
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